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Abstract
Background
Prenatal sex hormones may not exclusively determine effects of hand preference on digit ratios. Genetic
determination is an alternative possibility.

Aim
To study the likelihood of similar effects of hand preference on digit lengths and digit ratios.

Methods
We selected similar numbers of left-handers and right-handers in samples of kindergarten children (N = 101, age
range: 3.5–7 years) and adults (N = 189, age range: 17–28 years) and measured digit lengths (excluding the
thumb) directly on the palmar hand.

Results
Compared to right-handers, left-handers had longer digits and lower third-to-fourth (3D:4D) digit ratios among
children, whereas an opposite pattern of handedness differences occurred among adults.

Conclusions
Effects of hand preference on digit lengths and ratios might be genetically/ontogenetically determined. Also
discussed are implications of this set of findings for digit ratio research.
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1. Introduction
Prenatal androgen levels appear to be related to lower second-to-fourth digit ratio (2D:4D; [1,2]) and also are a
likely determinant of left-handedness (higher level [3]; lower level [4]). Thus, a relationship between hand
preference and 2D:4D ratio is expected. However, studies have reported contradictory patterns of associations.
Some studies have reported lower 2D:4D ratios [5,6], whereas other higher 2D:4D ratios (in the left hand, [7]; in
the right hand, [8]; in both hands, [9,10]) in left-handers, as compared to right-handers. Several studies have
failed to report relationships between hand preference and 2D:4D [[11], [12], [13], [14], [15]]. In addition, there
is a lack of relationship between cerebral lateralization and 2D:4D [[16], [17], [18]]. Thus, the support for a major
role of prenatal sex hormones in determining hand-preference effects on digit ratios is equivocal.
However, interestingly, irrespective of the pattern of effects of hand preference on digit ratios, some of the
above-mentioned studies have reported a similar pattern of effects of hand preference on right, as compared to
left, 2D:4D ratio (Dr-l; lower values for left-handers; [7,11,14,15]). Because Dr-l may be an additional marker of
prenatal androgen levels [19], these findings may well suggest a role of prenatal sex hormones in the
determination of effects of hand preference. However, larger and better-controlled studies have failed to find a
relationship of prenatal androgen levels with Dr-l [20,21]. Moreover, in comparison to Dr-l, the effect of
biological sex (a better test of sex-hormone effects) is much stronger in digit ratios [22,23]. Thus, perhaps 2D:4D
and Dr-l reflect two different effects and 2D:4D is a better marker of prenatal sex hormones. Therefore, in the
present study, we focused on digit ratios, which are widely studied suggested proxies of prenatal sex-hormone
levels.
Noticeably, a large proportion of variance in digit ratios (2D:4D) is genetically determined [[24], [25], [26], [27]].
Second-to-fourth digit ratio is closely related to a gene variant (LIN28b; [28]) that determines height and age of
menarche [29]. Studies have reported that, compared with right-handers, left-handers have early menarcheal
onset [30,31]. Studies also have reported that height is related to digit lengths (positively, [22]), digit ratios
(negatively with 2D:4D, [32]), and hand preference (lower in left-handers, [33,34]). Moreover, pubertal growth is
under tight genetic regulation [35], and a common gene program controls both pubertal timing and bone

development [29,36]. Hence, it is not unlikely that a common gene mechanism might determine effects of hand
preference on digit lengths, digit ratios, and age of onset of puberty. Perhaps a simple test of this is the
occurrence of similar effects of hand preference on digit lengths and digit ratios.
Consistent with this, previous reports of similar effects on digit lengths and ratios were incongruent with the
sex-hormones determination hypothesis (effects of prenatal alcohol exposure in rats, [37]; effects of musical
ability, [38]; effects of azoospermia, [39]). Although a large number of studies have reported differences in digit
ratios for the characteristics presumably determined by prenatal sex hormones (e.g., reviewed in [40]), these
studies have not reported on differences in digit length (although digit lengths are the essential measures for
calculating digit ratios). Moreover, irrespective of the different effects on digit length (strong among adults, but
not among children), the effect of sex (female, male) on digit ratios appears to be comparable among children
and adults [9,41]. Thus, the effect of prenatal sex hormones is most likely to be limited to relative digit length
(i.e., digit ratios) and therefore may not account for similar effects observed on digit lengths.
In the context of controlling suspected effects of sex hormones (prenatal and pubertal), investigating effects of
hand preference on digit lengths and digit ratios among children as well as among adults is important (as the
effect of biological sex is similar for digit ratios, but dissimilar for digit length). Because age-related changes
seem to occur in digit ratios as well [41,42], the study of groups with a discrepancy in age and development (i.e.,
children vs. adults), may be more informative and better controlled. Furthermore, only a few studies have
focused on effects of hand preference on digit ratios among children, and the findings have been ambiguous
(Fig. 2, p. 330 [9]). However, prior studies have reported a consistent relationship between right-handedness
and higher digit ratios among young children [43,44].
Intriguingly, most prior studies have focused on effects of hand preference on 2D:4D exclusively, whereas
investigating other digit ratios than the commonly studied 2D:4D theoretically and methodologically is
advantageous (for discussion, see [[45], [46], [47], [48]]). One study of multiple digit ratios has reported that,
rather than the 2D:4D ratio, digit ratios comprising digit 5 as the denominator are smaller in left-handers vs.
right-handers (among women, [49]). Because hands and fingers develop through a coordinated gene program
working on axes [50], the study of phenotypic measures representing whole axes, such as the study of several
digit lengths and several digit ratios, would be more informative. In addition, some studies have reported that
geographic (ethnic-group) differences are related to noticeable variation in 2D:4D ([51,52]). Therefore,
geographic variations could be a confounding factor.
Thus, in the present study, we studied the possibility of similar effects of hand preference on digit lengths (of all
digits, except the thumb) and on digit ratios (in all derivable digit ratios) in two different age groups
(kindergarten children vs. adults; a non-directional hypothesis). Because samples were derived from the same
catchment area (in the same district, and with a predominantly native population), we explored age-group
effects on digit lengths and digit ratios as well. Moreover, because several studies have reported similar effects
of hand preference on Dr-l, we also studied the effects of hand preference on right-minus-left digit ratio (across
all derivable digit ratios).

2. Materials and methods
2.1. Participants
2.1.1. Children sample

A sample of 101 children (age: M = 5.1 years, SD = 0.97, range: 3.5–7 years; 88% Hindus, 12% Muslims) was
selected from public schools in Muzaffarnagar (a city in Western Uttar Pradesh, India). Participant breakdown
was as follows: 48 boys, 53 girls, 57 right-handers, and 44 left-handers. Age and health status of children were
determined from school records. Children without major neurological problems or hand injuries were included

in the sample. At the time of data collection there was no institutional ethics committee; the D.A.V. College
Ethics Committee approved the conducted study retrospectively. The participating children provided verbal
informed consent, and parents provided written informed consent for their children's participation.
Initially, teachers identified left-handed children in the class. Left-handed children and their friends or deskmates were assessed in a room within the school premises. Hand preference was assessed with the observed
hand-preference technique. Observed hand preference yields a factor structure similar to that found in
questionnaire studies [53]. The ten items administered and the procedures used were the same as in Singh et al.
[53]. Moreover, following Singh et al. [53], we classified participants with positive laterality quotient (LQ) scores
as right-handers (LQ: M = 95.4, SD = 6.3), whilst those with zero or negative LQ scores as left-handers (LQ: M = −
86.9, SD = 16.1).

2.1.2. Adult sample

A sample of 189 college students (age: M = 21.6 years, SD = 3.1, range: 17–28 years; 94% Hindus, 6% Muslims)
was selected from Muzaffarnagar, which is an agriculture trade-based small city with a population mainly
comprising the natives of the city and nearby villages (there are no major national-level institutes or
enterprises). Therefore, the ethnic composition of the college student sample conceivably was similar to the one
of the children sample selected from the schools. Sample composition was as follows: 94 men, 95 women, 100
right-handers, and 89 left-handers. As above, individuals without neurological problems or hand injuries were
included in the sample. Participants provided written informed consent for study participation.
An advertisement was placed on the college notice boards, inviting left-handers to visit the psychology
laboratory for participating in a study on hand measures. Generally, one or more right-handed friends
accompanied them to the laboratory. Left-handers and their friends were assessed for hand preference, using a
14-item questionnaire (similar to Oldfield [54]; for details, see [55]). Similar to the procedure followed in the
children sample, we identified right-handers (LQ: M = 86.2, SD = 14.6) and left-handers (LQ: M = −
60.5, SD = 32.4).

2.2. Measurement of digit lengths and calculation of digit ratios

Digit length (D) involves the distance between the tip of the finger and the basal crease of the proximal phalanx.
Participants rested their hands with the palmar (i.e., inner) side up on a smooth table for a direct measurement
of the lengths of their second to fifth digits (2D, 3D, 4D, and 5D) in both their hands, using vernier calipers with
0.1 mm accuracy level. From these finger-length measurements, we calculated all six possible digit ratios
(namely, 2D:3D, the commonly studied 2D:4D, 2D:5D, 3D:4D, 3D:5D, and 4D:5D) for each hand (left and right). In
addition, we derived all right-minus-left (Dr-l) digit ratios corresponding to these six digit ratios in the right vs.
left hand.

2.3. Analysis

We used multivariate analyses of variance (MANOVAs) for testing the effects of hand preference (left vs. right),
sex (female vs. male), and age bracket (children vs. adults) on digit lengths (four per hand), on digit ratios (six
per hand), and on the asymmetry in the latter ones (namely, right-left digit ratios; six measures in total).
Following conventions in digit ratios research, we studied these effects on digit lengths and ratios separately for
the right and the left hand. In addition, we provide effect sizes (Cohen d and ηp2) for a better comprehension of
the observed hand-preference effects.

3. Results
3.1. Left hand
3.1.1. Digit lengths

Participant age showed a strong positive correlation with all digit lengths (all rs > 0.48, p < .001) among children,
but not among adults (all rs < 0.12, p > .11). However, because effects remained the same with and without
accounting for participant age, results are reported without age as a covariate.
A MANOVA of the four digit lengths, with hand preference, sex, and age group as factors, showed significant
main effects of sex, F(4, 279) = 9.9, p < .001, ηp2 = 0.12, and age group, F(4, 279) = 526, p < .001, ηp2 = 0.88, and
significant interaction effects of sex by age group, F(4, 279) = 10.4, p < .001, ηp2 = 0.13, and hand preference by
age group, F(4, 279) = 5.23, p < .001, ηp2 = 0.07. All other effects, Fs(4, 279) < 1.87, ps > 0.12, were not
significant.
Thus, compared to right-handers, left-handers had longer digits among children, but slightly shorter digits
among adults (hand preference by age group interaction; Table 1). As expected, adult men had longer digits
than adult women, whereas there was no sex difference among children (sex by age group interaction; Table 1).
Trivially, adults had longer digits than children (main effect of age group; Table 1).

Table 1. Descriptive statistics of digit lengths in the left hand among children and adults.
Hand
preference
Right-handers

Left

Sex
Lefthanders
n = 133

Digit
length

Age
group

n = 157
M

SD

2D

Ch.
Ad.

4.61
6.96

0.37 4.88
0.45 6.86

M

SD

d

H×A

Male

Female

S×A

F

n = 142

n = 148

F

Total

(1,
282)

M

SD

M

4.74
7.19

0.37 4.71
0.39 6.64

(1,
282)

0.43 −0.68⁎⁎
0.49 0.21
15.9⁎⁎

M

SD

0.46
0.38 33⁎⁎

SD

4.73
0.42
6.91
0.48
⁎⁎
A, F(1, 282)
1978
⁎⁎
3D
Ch.
5.17
0.40 5.40
0.47 −0.53
5.28
0.39 5.27
0.49
5.27
0.44
Ad.
7.72
0.51 7.61
0.59 0.20
8.01
0.45 7.34
0.42 42⁎⁎
7.67
0.55
11⁎⁎
⁎⁎
A, F(1, 282)
1942
4D
Ch.
4.78
0.37 5.06
0.43 −0.71⁎⁎
4.91
0.39 4.89
0.44
4.90
0.42
⁎⁎
⁎⁎
Ad.
7.18
0.49 7.08
0.56 0.19
7.44
0.43 6.83
0.42 38
7.13
0.52
14.7
⁎⁎
A, F(1, 282)
1831
5D
Ch.
3.81
0.33 4.02
0.39 −0.59⁎⁎
3.93
0.35 3.88
0.38
3.91
0.37
⁎⁎
⁎⁎
Ad.
5.80
0.51 5.74
0.52 0.12
6.05
0.42 5.50
0.45 26
5.77
0.51
7.3
⁎⁎
A, F(1, 282)
1322
Note. 2D to 5D denote digit lengths; Ch. denotes children; Ad. denotes adults; A denotes main effect of age group; H × A denotes hand preference by age
group interaction effect; S × A denotes sex by age group interaction effect; Positive value of d shows that right-handers have longer digit length; Number
of children = 101; Number of adults = 189; Number of right-handed adults = 100; Number of men = 94.
⁎⁎
p < .01.

3.1.2. Digit ratios

A MANOVA of digit ratio (six digit ratios), with hand preference, sex, and age group as factors, showed
significant main effects of hand preference, F(6, 277) = 3.97, p = .001, ηp2 = 0.08, and age group, F(6,
277) = 2.5, p = .02, ηp2 = 0.05, as well as a significant interaction effect of hand preference by age group, F(6,
277) = 3.58, p = .002, ηp2 = 0.07. All other effects, Fs(6, 277) < 1.13, ps > 0.34, were not significant.
Univariate ANOVAs showed an interaction effect between hand preference and age group on the 3D:4D
ratio, F(1, 282) = 4.4, p = .04, ηp2 = 0.02. Thus, in comparison to right-handers, left-handers had a lower 3D:4D
ratio among children, but slightly higher 3D:4D among adults (Table 2). The main effect of hand preference on
3D:4D, F(1, 282) = 5.6, p = .02, ηp2 = 0.02, merely reflects a lower digit ratio in left-handers among children (Table
2). Moreover, significant main effects of age group on 4D:5D ratios, F(1, 282) = 8.1, p = .005, ηp2 = 0.03, and on
3D:5D ratios, F(1, 282) = 5.9, p = .02, ηp2 = 0.02, evidenced that adults had lower digit ratios than children (Table
2).
Table 2. Descriptive statistics of digit ratios (in the left hand) of left- and right-handers among children and
adults.
Right-handers
Left-handers
Left hand
n = 157
n = 133
Digit ratio Age group M
SD
M
2D:3D
Children
0.891
0.032 0.904
Adults
0.902
0.029 0.902
Total
0.898
0.030 0.902
2D:4D
Children
0.965
0.046 0.964
Adults
0.970
0.032 0.970
Total
0.968
0.038 0.968
2D:5D
Children
1.210
0.066 1.215
Adults
1.203
0.060 1.198
Total
1.206
0.062 1.204
3D:4D
Children
1.083
0.031 1.067
Adults
1.076
0.024 1.075
Total
1.079
0.027 1.073
3D:5D
Children
1.359
0.076 1.345
Adults
1.335
0.066 1.329
Total
1.344
0.070 1.334
4D:5D
Children
1.255
0.062 1.261
Adults
1.240
0.050 1.236
Total
1.246
0.055 1.244
Note. Number of children = 101; Number of adults = 189.
⁎p < .05.

SD
0.027
0.029
0.028
0.029
0.038
0.035
0.052
0.061
0.058
0.036
0.026
0.030
0.057
0.064
0.062
0.051
0.059
0.057

Total
d
M
SD
⁎
−0.44 0.897 0.030
0.00
0.902 0.029
0.03
0.00

0.965 0.040
0.970 0.035

−0.08
0.08

1.212 0.060
1.201 0.060

0.48⁎
0.04

1.076 0.034
1.076 0.025

0.21
0.09

1.353 0.068
1.332 0.065

−0.10
0.07

1.257 0.057
1.238 0.054

Regarding the direction of differences in digit ratios between left-handers vs. right-handers among children, the
following pattern is discernible: as compared to right-handers, left-handers had lower digit ratios in the ratios
containing digit 3 as numerator or digit 4 as denominator, whereas higher digit ratios in those containing digit 4
as numerator or digit 3 as denominator (Table 2).

3.2. Right hand
3.2.1. Digit length

A MANOVA of digit length (four digit lengths), with hand preference, sex, and age group as factors, showed
significant main effects of sex, F(4, 279) = 8.16, p < .001, ηp2 = 0.11, and age group, F(4, 279) = 515.7, p < .001,
ηp2 = 0.88, and significant interaction effects of sex by age group, F(4, 279) = 13, p < .001, ηp2 = 0.16, and hand
preference by age group, F(4, 279) = 5.07, p = .001, ηp2 = 0.07.
Thus, compared to right-handers, left-handers had longer digits among children, but slightly shorter digits
among adults (hand preference by age group interaction; Table 3). Although this effect was not significant for
the length of digit 5, the direction of difference was similar to the one observed in other digit lengths (Table 3).
As expected, men had longer digits than women, whereas there was no sex difference among children (sex by
age group interaction effects; Table 3). Trivially, adults had longer digits than children (main effect of age
group; Table 3).

Table 3. Descriptive statistics of digit lengths in right hand among children and adults.
Hand
preference
Right-handers

Right

Sex
Lefthanders
n = 133

Digit
length

Age
group

n = 157
M

SD

2D

Ch.
Ad.

4.62
6.95

0.37 4.82
0.48 6.87

M

SD

d

0.39 −0.53⁎
0.49 0.17

H×A

Male

Female

S×A

F

n = 142

n = 148

F

Total

(1,
282)

M

SD

M

4.68
7.17

0.34 4.73
0.43 6.65

(1,
282)

M

SD

4.71
0.39
6.91
0.49
⁎⁎
A, F(1, 282)
1895
⁎
3D
Ch.
5.21
0.43 5.38
0.47 −0.38
5.24
0.39 5.33
0.50
5.28
0.45
Ad.
7.72
0.56 7.67
0.58 0.09
8.04
0.44 7.35
0.47 50⁎⁎
7.70
0.57
5⁎
⁎⁎
A, F(1, 282)
1816
4D
Ch.
4.79
0.34 5.06
0.40 −0.74⁎⁎
4.89
0.37 4.93
0.41
4.91
0.39
⁎⁎
⁎⁎
Ad.
7.20
0.51 7.13
0.57 0.13
7.48
0.46 6.85
0.41 47
7.16
0.54
12
⁎⁎
A, F(1, 282)
1902
5D
Ch.
3.86
0.42 4.01
0.38 −0.37
3.92
0.35 3.93
0.45
3.92
0.41
⁎⁎
Ad.
5.78
0.49 5.78
0.52 0.00
2.2
6.05
0.40 5.51
0.45 30
5.78
0.50
A, F(1, 282)
1248⁎⁎
Note. 2D to 5D denote digit lengths; Ch. denotes children; Ad. denotes adults; A denotes main effect of age group; H × A denotes hand preference by age
group interaction effect; S × A denotes sex by age group interaction effect; Positive value of d shows that right-handers have longer digit length; Number
of children = 101; Number of adults = 189; Number of right-handed adults = 100; Number of Men = 94.
⁎⁎p < .01.
⁎p < .05.
8.3⁎⁎

0.43
0.41 35⁎⁎

SD

3.2.2. Digit ratios
A MANOVA of digit ratio (six digit ratios), with hand preference, sex, and age group as factors, showed a
significant main effect of hand preference, F(6, 277) = 2.18, p = .045,ηp2 = 0.05, and a significant interaction
effect of hand preference by age group, F(6, 277) = 2.5, p = .02, ηp2 = 0.05.
Subsequent univariate ANOVAs showed interaction effects between hand preference and age group for the
3D:4D ratio, F(1, 282) = 8.1, p = .005, ηp2 = 0.03. Thus, compared to right-handers, left-handers had lower 3D:4D
ratio among children, but slightly higher 3D:4D ratio among adults (see Table 4). However, irrespective of the
significant multivariate effects, univariate effects of hand preference were not significant for any of the digit
ratios.
Table 4. Descriptive statistics of digit ratios (in right hand) of left- and right-handers among children and adults.
Right-handers
Left-handers
Right hand
n = 157
n = 133
Digit ratio
Age group
M
SD
M
SD
d
2D:3D
Children
0.889
0.040 0.895
0.025 −0.18
Adults
0.901
0.036 0.896
0.026 0.16
Total
0.897
0.038 0.896
0.026
2D:4D
Children
0.965
0.042 0.953
0.030 0.33
Adults
0.966
0.036 0.965
0.036 0.03
Total
0.965
0.038 0.961
0.034
2D:5D
Children
1.205
0.107 1.205
0.046 0.00
Adults
1.205
0.062 1.192
0.066 0.20
Total
1.205
0.081 1.196
0.061
3D:4D
Children
1.086
0.051 1.065
0.033 0.49⁎
Adults
1.072
0.034 1.077
0.025 −0.17
Total
1.077
0.041 1.073
0.028
3D:5D
Children
1.357
0.129 1.346
0.057 0.11
Adults
1.338
0.070 1.330
0.068 0.12
Total
1.345
0.096 1.336
0.065
4D:5D
Children
1.249
0.092 1.265
0.050 −0.22
Adults
1.248
0.052 1.235
0.061 0.23
Note. Number of children = 101; Number of adults = 189.
⁎p < .05.
Moreover, it is observable from Table 4 that, among children, left-handers had lower mean values of digit ratios
containing digit 3 as numerator or digit 4 as denominator, and higher mean values of digit ratios containing digit
4 as numerator or digit 3 as denominator (as compared to right-handers).

3.3. Composite digit lengths and digit ratios

Fig. 1 shows the differences in composite (i.e., average of all) digit lengths, and Fig. 2 the respective differences
in composite (i.e., average of left-hand and right-hand) digit ratios, between right-handers vs. left-handers
among children vs. adults. In order to control for possible cultural confounds (religious affiliation), the effects of
hand preference, sex, and age group on digit lengths and ratios were only analyzed in the Hindu sample, which
yielded similar patterns of hand preference by age group interaction effects for both digit lengths and digit
ratios (see Analysis of Digit Length and Digit Ratios in Hindu-Only Sample in the supplemental materials).

Fig. 1. The graph shows the mean and standard error of digit length in right- (---) and left- (___) handers among
children and adults. Compared to right-handers, left-handers have longer digits among children, but shorter
digits among adults.

Fig. 2. The graphs show the mean and standard error of digit ratios of right- (---) and left- (__) handers among
children (A) and adults (B). A pattern of opposite handed difference occurs in digit ratios involving digits 3 and 4
(at the same position, numerator or denominator) among children, and this pattern is reversed among adults.

3.4. Right-minus-left digit ratio

We analyzed the effects of hand preference, sex, and age group on right-minus-left digit ratio (Dr-l) across all six
digit ratios. The interaction effect of hand preference by age group nominally was not significant, F(6,

277) = 2.06, p = .06, and all other effects were even smaller and clearly not significant, Fs(6,
277) < 1.18, ps > 0.32. For future references, we have reported the results for right-minus-left differences in digit
ratios for hand preference and sex across age groups (see Distribution of Right-Minus-Left Digit Ratios in the
supplemental materials).

4. Discussion
Sex differences in digit length (i.e., strong differences among adults, but a lack of the same differences among
children) are a commonly observed phenomenon [9]. As well, lower digit ratios (comprising digit 5) among
adults than in children, as observed in this study, are consistent with prior reports [42].
Our main contention was that similar effects of hand preference on digit lengths and digit ratios suggest the
involvement of a common genetic mechanism. The present study reports such a similar effect of hand
preference on digit lengths and ratios alike (among children, as well as – directionally reversed – among adults)
and thus is consistent with the above idea. Moreover, because a cascade mechanism determines the
development of the hand [50], it is conceivable that upstream effects of hand preference could regulate the
developmental genetic mechanism of hand formation, thus accounting for similar effects seen in both digit
lengths and digit ratios.
Prior related research has reported that either there are no handedness differences in 2D:4D
[[11], [12], [13], [14], [15]], or that adult right-handers have higher 2D:4D [[8], [9], [10]]. Similarly, we found that
either there are no handedness differences in digit ratios, or that adult right-handers have a trend of a higher
3D:4D. Therefore, these findings seem typical for adults. On the other hand, this study is one of the up to now
very few more comprehensive reports on hand-preference effects on digit ratios among children in particular.
The relationship of right-hand preference with higher 3D:4D, as reported here, is similar to prior reports on a
relationship of enhanced right-hand skills (a measure of right-handedness) with higher 2D:4D among children
[43,44]. In this regard, the present data appear typical for children as well.
Additional results of the present study (namely, that effects of hand preference are strongest for the 3D:4D
ratio, and that there is an opposite pattern of effects on digit ratios containing the digits 3 and 4 at the same
position) suggest that the lengths of digits 3 and 4 also stand out as factors with regards to hand-preference
effects on digit ratios. However, the main factors regarding the magnitude of sex differences in digit ratios are
the lengths of digits 2 and 5 [[45], [46], [47], [48],56]. The present data suggest that the developmental
programs mediating effects of hand preference on digit ratios may be different from the structural programs
mediating the effects of sex.
Sex effects on digit ratios are established early on [57] and either remain stable or increase with age (even after
puberty, [41,42,57]), whereas the effects of hand preference (as observed in the present study) directionally are
opposite among children vs. among adults. Because higher testosterone exposure has been shown to be related
to lower digit ratios in both infants [1,2] and adults [57,58], the effects of hand preference on digit ratios, unlike
the sex effects, conceivably are less likely determined by prenatal or pubertal sex-hormone levels. Moreover,
because study participants were from the same catchment area and the finger-length measurement protocol
was identical for the children and the adult sample, confounding effects of measurement procedure or ethnicgeographic differences do not affect the present study.
For these reasons, a simple explanation of the reversal of hand-preference effects on digit lengths and digit
ratios among adults would be some ontogenetic mechanism. However, studies have reported that the
interaction of postnatal testosterone levels with androgen sensitivity (as measured through the CAG repeat
sequences found in the human androgen-receptor gene) impacts on early developmental changes in digit ratios
[59]. There is evidence that left-handed adults might have higher testosterone levels [60] and lower androgen

sensitivity (in women; [61]). Higher androgen sensitivity (i.e., shorter CAG repeat sequences) has been
associated with more marked age-related declines in androgen levels (in men; [62]). Moreover, some studies
suggest that digit ratios (2D:4D) increase with age until early adulthood (17 years of age; [41,63]) and decrease
thereafter [63,64]. Thus, a three-way interaction effect comprised of sex-hormone sensitivity, age, and sexhormone levels is conceivable (accounting for the reversed hand-preference effects on digit ratios among
adults). However, because an integrated and self-regulated gene program (with catch-up and cessation
mechanisms) monitors the overall growth of organs, any normal-range variations between left-handers and
right-handers in digit lengths and ratios (or in sex-hormone levels and hormonal sensitivities) may be
expressions of the same basic ontogenetic program [65,66].
In schizophrenia patients, reversals of the usual sexual dimorphisms in brain structure [67,68], as well as in digit
ratios (2D:4D; [[69], [70], [71]]), have been observed. Evidence suggests that such reversals are genetically based
[72,73]. Moreover, schizophrenia is related to non-right hand preference (a marker of atypical cerebral
lateralization; [74]), and a common genetic and structural mechanism mediates this relationship [75]. Thus, a
reversal of sex differences seen in digit ratios (as well as in brain structures), and associated with schizophrenia
or hand preference, maybe genetically determined.
Studies have reported a genetically based relationship of height with brain volume and brain surface area [76].
Because digit length and height are closely related (with similar growth patterns mediated by puberty [9]),
relationships of digit lengths with brain volume and total brain surface area are conceivable. Digit ratios (2D:4D)
have also been reported to be related to larger total cerebral cortex volume [77]. The formation of hands and
the brain involves common genes [50,[78], [79], [80]]. Moreover, differing maturation rates, as occurring on the
left vs. the right side of the spinal cord and the brain during weeks 4 to 8 of intrauterine development, are key
mediators of hand preference and schizophrenia development [81,82]. Thus, although any one-to-one
correspondence regarding the growth trajectories of brain and digit lengths are unlikely [83], it may well be that
common genetic mechanisms mediate the differential growth trajectories of left-handers vs. right-handers in
digit lengths, digit ratios, and the brain.
The present evidence has a number of implications for digit ratio research. One prior report found that
differential growth trajectories occur for the digit ratios of some individuals (when compared to average agerelated trends), the reasons of which are unknown [84]. Therefore, based on the present findings, we suggest
that hand preference might be a determining factor for such differential growth trajectories in digit ratios.
Moreover, we also opine that including participants from different growth periods in one and the same sample
may be a confounding factor in studies on the relationship between hand preference and digit ratios and should
thus be avoided, or appropriately accounted for in the analytic strategy.
Prior studies have reported negative [[85], [86], [87]], positive [88,89], or no [90,91] relationships between age
of puberty onset and digit ratios (2D:4D). Because left-handers and right-handers apparently have differential
growth trajectories of digit ratios (as suggested by the present findings), it is likely that, in turn, hand preference
is a confounding factor in investigations on the relationship between age of pubertal onset and digit ratios.
Moreover, specific findings in the course of the present investigation (namely, that hand-preference effects are
stronger for 3D:4D than for 2D:4D) suggest that previous studies on hand-preference effects may well have
focused on a noisy indicator (the commonly studied 2D:4D ratio, instead on 3D:4D). However, because studies
have reported that the occurrence of the largest sex differences in digit ratios may vary with geography and/or
ethnic group [45,48,92], this hypothesis is tentative, until future studies in other ethnic-geographic populations
support it.

The present study has a number of limitations. First, left-handers and right-handers were not matched for the
degree, or strength, of their hand preference. However, because prior studies [12], as well as a supplemental
analysis of the present data (not shown), have not yielded evidence for relationships between degree of hand
preference and digit lengths or ratios, degree of hand preference may not have confounded effects. Second,
because left-handers represent a heterogeneous group (determined by a suite of genetic and environmental
factors; [93]), the nature of hand preference (based on its determinants) in any sample of left-handers may be
yet another confounder (and thus common to all investigations of hand preference). However, because it is
difficult to ascertain the exact determinants of left-hand preference in any individual [93], we can only expect
that in a sufficiently large sample of left-handers from the healthy population (as in the present study) unusual
or pathological confounding effects would cancel each other out. And third, we measured digit length directly
on the palmar side of the hand, whereas the placing of flexion creases and dorsal (i.e., bone-based) digit length
are distinct components of this measure, and these components may be the results of distinctive determinants
[94]. On the other side, because prior studies on hand-preference effects were mainly based on digit ratios
derived from measures of the palmar side of the hand, the present study has the advantage of enabling direct
comparisons with the findings of these predecessor studies.
Hence, in conclusion, the present study suggests that gene-based mechanisms mediate the effects of hand
preference on digit lengths and digit ratios, and that differential growth trajectories may occur for digit lengths
and digit ratios of left-handers vs. right-handers. The findings also call for longitudinal investigations concerned
with hand-preference effects on digit lengths and digit ratios as a fruitful avenue along this line of inquiry.
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